Lipoamide dehydrogenase and D-amino acid oxidase, spin-labeling, pH influence, urea, temperature Maleimide spin label was covalently bound to sulfhydryl residues of D-amino acid oxidase and lipoamide dehydrogenase. Labeling of native D-amino acid oxidase resulted in a non-homogeneous EPR-spectrum, which consisted of 4 moles of spin label bound immobile to the enzyme (mol.-weight 90.000). A detailed analysis of the spectrum, the kinetics of the reaction of the spin label with the protein and the temperature dependence of the spectrum showed that the spectrum originates from two different pairs of sulfhydryl groups. The spin labeled lipoamide dehydrogenase yielded also a mixed EPR-spectrum of two different bound spin labels, i.e. an immobile and a semimobile species. The temperature dependence gave for both types of spectra a transition point at 10 °C. Titration with urea gave only for the immobile species a transition at 1.5 M. Part of the semimobile species seems to be bound near the active site.
The electron spin resonance (EPR)-spectrum of a nitroxide radical is strongly dependant on its rotational motion. Because of the simplicity ( 
Materials and Methods
V-(l-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl) maleimide was purchased from Synvar Associates. FAD (grade III) was obtained from Sigma.
Electron spin resonance spectra were recorded with a Varian E-3 X-band spectrometer. For variable temperature measurements a Varian variable temperature contral unit was employed which was calibrated with a Tele-Thermometer (of Yellow Springs Instrument Co.).
The EPR-spectra of the spin labeled proteins were analyzed by comparison of their line shapes with those of the reference compound 2,2,6,6-tetramethyl-piperidinol-4-V-oxide dissolved in water-glycerol mixtures of different viscosities and temperatures.
Assignment of the rotational correlation times (rc) of the reference was done using the Einstein forRequests for reprints should be sent to Prof. Dr. C. VEEGER, Laboratorium voor Biochemie, Landbouwhogeschool, De Dreijen 11, Wageningen (Holland). mula for spherical molecules:
where r\ -viscosity in poise, r = effective radius in cm, K = Boltzmann constant and T = absolute temperature 3 . The viscosity is dependant on temperature and on concentration of urea. For this reason r Jr) was plotted against l/T. Values for the viscosity of water at different temperatures and of water-urea mixtures were taken from published tables 4 ' 5 .
7V-ethylmaleimide or maleimide spin label was dissolved in ethanol and added in small amounts to the enzyme solution. When a high excess of spin label was required for the reaction, it was added in the solid form. Reactions were carried out at 4 °C during 4 -6 hours and quenched by pouring the reaction mixture on a Sephadex G-25 (Pharmacia) column or by dialysing it against the appropriate buffer. The spin labeled substrate analogue O-(l-oxyl-2,2,5,5-tetramethyl-3-carbonyl-pyrroline) -D-tyrosine was synthesized in the following way: 100 mg D-tyrosine was added to a suspension of 300 mg cupricarbonate in 0.1 M bicarbonate buffer at pH 8.0. During one hour the mixture was stirred at 50 °C. The excess cupricarbonate was filtered off. To the filtrate a small excess of V-(l-oxyl-2,2,5,5-tetramethyl-3-carbonyl-pyrroline) -imidazole (prepared as described by BARRETT et al. 6 ) was added. The solution was stirred during 2 hours at 4 c C. The protecting Cu 2+ was removed from the reaction mixture by extracting it with a solution of 8-oxychinoline in chloroform (6 mg/ml) until the chloroform layer was colorless. An additional extraction with chloroform was performed to remove excess 8-oxychinoline 7 . The aqueous solution was brought on a 40 -1.5 cm DEAE-Sephadex A 50 (Pharmacia) column and eluted with 5 MM ammonium carbonate buffer, pH 8.5. The eluate was monitored by measuring its extinction at 280 nm. The first of three fractions collected showed a 3 line EPR-spectrum and showed a positive ninhydrin test. The product was homogeneous as judged by thin layer chromatography using phenol and water (90 : 30/v : v) as mobile phase.
The modified tyrosine was active as a substrate. It was attached to D-amino acid oxidase following the procedure of COFFEY et al. 8 . D-amino acid oxidase and its apoprotein were prepared according to MASSEY et al. 9~n . Activities were measured as described by KOSTER et al. 12 . The number of reacted sulfhydrylgroups of D-amino acid oxidase was determined by reacting a known amount of maleimide spin label with the protein for 4 -6 hours, followed by dialysis of the reaction mixture against a known volume of buffer. The EPR-spectrum of the dialysate was compared to those obtained by a standard dilution series of the free spin label in the same buffer. The amount of enzyme bound label was determined by the difference of the EPR-spectra of the dialysed enzyme solution and the dialysate after appropriate correction for dilution.
The kinetics of the reaction of maleimide spin label with the holoprotein at 20 °C was followed by measuring either the decrease in time of the "free" signal or the increase in time of the distance between the peaks of the outer wings of the "immobile" spectrum.
Lipoamide dehydrogenase was isolated from pig heart and activity measurements were performed as described earlier [13] [14] [15] [16] . The Cu 2+ modified enzyme was prepared according to VEEGER et al. 17 . Parachloromercuribenzoic (PCMB) treatment was performed as described by PALMER et al. 18 .
Results and Discussion

A. D-amino acid oxidase
Labeling of the apoenzyme with maleimide spin label resulted in a complex EPR-spectrum accompanied with a complete loss of activity, which is in accordance with data obtained with Af-alkyl maleimides 19 . At least 5 spin labels per mole protein had been bound to the apoenzyme. On the other hand labeling of the holoenzyme did not affect the enzyme activity. In the latter case the number of reacted sulfhydryl-groups was found to be 3.8 + 0.2 per mole holoprotein. This is in agreement with the postulate that FAD protects two sulfhydryl-groups of the protein 19 . Fig. 1 shows the EPR-spectrum of spin labeled holoenzyme. A detailed analysis of the spectrum indicates that the spectrum consists of two species with superimposed spectra. Thus, the distance a (17.2 + 0.2 G) indicates an average rc = 36nsec while for the distance b (64.0 +0.2 G) a value of 22 nsec is calculated. When the spin labeling reaction of the holoenzyme was followed by the decrease of the EPR signal of the free label as a function of time, it was found by computer analysis that the experimental curve consists of two overlapping exponential curves.
Taking the evidence of the incorporation of four spin labels into the holoenzyme and assuming that the substitution reaction of the SH-groups follows pseudo first order kinetics it was found that two of the four SH-groups are slightly more reactive than the other ones. The corresponding rate constants are 2.1 M -1 min -1 and 0.63 M -1 min -1 , respectively. If two identical subunits are assumed 19 then our results indicate that the two SH-groups of each subunit involved in the spin label binding exhibit different reactivities. From the time course of the reaction and from the average rc's it can be calculated that the spectrum is built up from 2 rather immobile species, one with rc > 36 nsec, a second with rc< 14 nsec.
The EPR-spectrum of the labeled holoenzyme is temperature dependant. The distances a and b (Fig. 1 ) changed in the temperature range of 0 -40 °C. In Fig. 2 are the rc/»y values plotted against 1/7" using distance b (Fig. 1 ). Both curves (resulting from a and b) have a transition point at 15 °C, which is coincident with values for a conformational change reported in the literature 12 ' 20 . The non-linearity in the plots may be due to a temperature dependant conformational change in the protein reflected in a change in mobility of the label (s). However, the plots obtained with a and b have different slopes illustrating that the EPR-spectrum is not homogeneous. Addition of substrates like D-alanine and the inhibitor benzoate resulted in very small changes in shape and position of the lines of the EPR-spectrum of the labeled holoenzyme, which were not further investigated. Removal of FAD from the spin labeled holoenzyme, caused hardly any change in the EPR-spectrum. For more selective labeling we have bound the spin labeled D-tyrosine (described in Materials and Methods) to D-amino acid oxidase, according to the procedure described by COFFEY et al. 8 . The labeled enzyme is completely active what is in agreement with results obtaied with D-alanine, bound in the same way to the protein 21 . The EPR-spectrum of the bound substrate (rc 02 0.3 nsec) analogue is almost identical to that of the free label (rc< 0.1 nsec) (Fig. 3 A and B) .
Addition of substrates or inhibitors, e.g. benzoate, did not alter the EPR-spectrum. However, when the apoenzyme of the spin labeled holoprotein was prepared, a tremendous immobilization of the label (Tc ^ 3 nsec) is observed (Fig. 3 C) .
The observed change is reversible, e.g. after recombination with FAD the same spectrum as in Fig. 3 B is obtained. The observed change might reflect a conformational change induced by the preparation of the apoenzyme 11 . If we assume that the labeled substrate analogue is bound close to the active center, then our results indicate that upon removal of the prosthetic group the region around the active center becomes more rigid or that another group moves into its vicinity.
In addition the results obtained with the maleimide spin label support the above postulated idea since its rc is practically the same in the holo-and apo- enzyme. The temperature dependence of the maleimide spin labeled holoenzyme (Fig. 2) , on the other hand, indicates that the spin label is not attached to the surface of the protein but is localized in a crevice of the protein, since with decreasing temperature the spin label is able to rotate more freely than at elevated temperature.
The hydrodynamic model of YAGI et al. 22 is not consistent with our results with the spin labeled enzyme. They have calculated the molecular shape for the holoenzyme, the holoenzyme-benzoate complex and the apoenzyme. From the data we would expect a stronger immobilization of the bound substrate analogue after addition of benzoate (if it still binds). Studies to gain a more detailed insight into these phenomena are in progress.
B. Lipoamide dehydrogenase
Lipoamide dehydrogenase was reacted with maleimide spin label (S.L.) and thereafter dialyzed as described under Materials and Methods. The lipoate dehydrogenase activity of the labeled enzyme was still at least 70% of its original activity. The EPRspectrum (Fig. 4 A) A four hour incubation of the enzyme with a fourfold excess of S.L. resulted in the incorporation of 0.85 mole of S.L. per mole of FAD. The relative amounts of immobile and semimobile species varied for different enzyme preparations, although the amount of the immobile species was always much larger than the amount of the semimobile species. Treatment of the labeled protein with several agents like NAD + , Na2As03 and NADH did not alter significantly the rc of the immobile species.
Several attempts were made to identify the labeled SH-groups. 1) a. The enzyme was preincubated with a high excess of A^-ethyl-maleimide during a day and then incubated for another day with a high excess of S.L. This led to a spectrum which showed only the semimobile species with a somewhat higher Tc value (Fig. 4 C) . b. The enzyme modified in this way was almost inactive. A shorter preincubation time (4 hours) with a fourfold excess of ethylmaleimide led to an equal decrease in the intensity of the EPR-spectrum of both bound S.L. species.
2) When the S.L. enzyme was reacted with parachloromercuribenzoic acid (PCMB), some effects were observed on the EPR-spectrum. Thus, blocking of one SH-group did not alter the spectrum significantly. When two SH-groups were blocked the immobile species decreased. Treatment of the enzyme first with a fourfold excess of PCMB and then with spin label led to the loss of some FAD as observed on a G-25 column. When this modified enzyme was precipitated with 70% (NH4)2S04 and redissolved a turbidity remained. The EPR-spectra of the centrifuged solution showed an almost complete disappearance of the immobile species. 3) Cu 2+ treatment of the enzyme did not give anyunique results. The reason for this could be the different enzyme preparations used. However, two effects were observed:
a. The reactivity of Cu 2+ on the S.L. proteins was decreased and could only be overcome by using a higher excess of Cu 2+ . b. Cu 2+ treatment followed by spin labeling of the enzyme led to a large quenching of the FAD fluorescence. Both EPR-species were present. From these data several conclusions can be drawn. First of all maleimide S.L. does not react with the SH-groups, which react rapidly with PCMB. Secondly, maleimide influences the formation of disulfide bridge (s) as indicated by the declined Cu 2+ reactivity. In the third place the reactivity of the semimobile species is lower with the native enzyme than that of the immobile. It is possible that the process of specific spin labeling can be affected by the induction of conformational changes in the enzyme.
To obtain more information about the semimobile and immobile species, the pH-dependence of the S.L.-reaction and the effect of urea and temperature on the S.L. enzyme were studied.
pH-dependence
At pH 6 the reaction was very slow. After 17 hours incubation a spectrum was observed, which consisted almost completely of the semimobile species. At higher pH the reaction was faster and more immobile species was present. At the pH-values investigated (pH 6 -8) always a mixture of immobile and semimobile species was observed. The urea effect is not completely reversed upon extensive dialysis of the enzyme solution. Thus, the semimobile species became more immobile (rc = 0.5 nsec), then before treatment while the amount of immobile species, which had again the original rc, is not completely restored.
Temperature dependence
Plotted were the r Jr] values of the immobile species and of the semimobile species against l/T. Transition points in both curves were observed at about 10 °C. Upon lowering the temperature the xJr] values of the immobile species was decreasing (getting relatively more mobile) while the rjr] value of the semimobile species was increasing (getting more immobile). Curves uncorrected for the visco-sity gave different transition points namely at 15 °C and at 21 °C, which are temperatures given in the literature 20 ' 24 > 25 .
General Conclusions
From the results mentioned above only qualitative information can be obtained. Quantitative analysis of the EPR-spectra of spin labels, covalently attached to proteins, becomes extremely difficult, when several specific groups in the protein are available for reaction with the label, because a mixed EPRspectrum is obtained in that case. However, when a label (such as a substrate analogue) can be bound specifically it is of importance whether the spectrum is mobile or immobile. Only in the case of a bound label with an immobile spectrum small changes in the protein structure are reflected in changes in mobility of the label. The mobile spectrum is only sensitive to large changes in the direct environment of the label.
The question arises, how to correct rc values for changes in macroscopic viscosity. It must be considered that changes in macroscopic environment are not necessary directly coupled to changes in microscopic environment. Therefore no definite conclusion can be drawn about the actual temperature or the actual concentration at which the conformational transition occurs.
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